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a b s t r a c t
The reuse of winery wastewater (WW) could provide an alternative water source for vineyard irrigation.
The shift of many wineries and other food processing industries to K+ -based cleaners requires studies on
the effects of K+ on soil hydraulic conductivity (HC). Depending on clay content and mineral composition,
K+ additions can affect the HC either positively or negatively. Soil mineralogy was anticipated to exhibit
a strong inﬂuence on HC responses and, therefore, soils of contrasting mineralogy were evaluated for
changes in soil HC resulting from applications of solutions elevated in Na+ and K+ . To examine the impact
of mineral-ion relationships on HC, soils dominant in montmorillonite, vermiculite, or kaolinite from the
Napa and Lodi wine regions of California, were packed into soil columns to observe changes in leachate
chemistry and HC. Irrigation with Na+ - and K+ -rich WW was simulated by applying solutions at sodium
absorption ratio (SAR) values of 3, 6, and 9 and potassium absorption ratio (PAR) values of 1, 2, 4, and 9.
While HC was reduced in the 2:1 clay soils (montmorillonite and vermiculite) for all SAR treatments, the
vermiculite and the kaolinite rich soils exhibited equal or greater reductions in HC for PAR treatments, as
compared with the SAR treatments. Findings from this evaluation of the interaction of Na+ and K+ with
three different mineral soils suggest that the reuse of WW with increasing PAR are least problematic for
montmorillonite dominated soils and most detrimental to the HC of the vermiculite dominated soil. The
presence of minerals with a high afﬁnity for K+ (e.g., vermiculite, mica) in this soil suggest that the interlayer binding of K+ could lead to greater reductions in HC. Full analysis of soil and WW is recommended
prior to all land applications.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The reuse of wastewater is an attractive solution to address
water scarcity. While the salt concentration of wastewater is
typically moderate (∼1.5 dS m−1 ) and can be applied to land, applications of sodium (Na+ )-rich water increase the risk of sodic
conditions occurring in the soil proﬁle, degrade soil quality, and
limit productivity (Laurenson et al., 2012). The total salinity of
irrigation water (measured as electrical conductivity in dS m−1 or
electrolyte concentration in mEq L−1 ) can also inﬂuence the permeability of a soil and its hydraulic conductivity (HC) (Abusharar
et al., 1987; Keren and Singer, 1989). The organic components of
winery-wastewater (WW) are effectively reduced by most forms
of treatment, whereas salts persist in the water after treatment.
A companion study conducted in 2013, looking at California WW
composition, revealed that the SAR and PAR of California WW
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after on-site water treatment ranged from 1 to 9 (Buelow, 2013).
Typically, WW has a salt composition dominated by Na+ , but the
adoption of potassium (K+ )-based cleaners is shifting the composition of these waste streams. The impacts of Na+ -rich water
on soil physical and chemical properties and plant health have
been studied and debated extensively (Arienzo et al., 2012; Benitez
et al., 1999; Chen et al., 1983; Frenkel et al., 1978; Frenkel, 1985;
Hamilton et al., 2007; Hermon et al., 2008; Jayawardane et al., 2011;
Laurenson et al., 2012; Nightingale, 1959; Quirk and Schoﬁeld,
1955). However, K+ is less well understood (Arienzo et al., 2012).
Our recent WW survey in Northern California has shown that
pre- and post-treatment concentrations of K+ to range from 2772 mg L−1 , with a maximum PAR of 11.8, and thus research is
needed to examine how these wastewaters might impact vineyard
production systems (Buelow, 2013).
Ubiquitous in wine industry cleaners, Na+ and K+ salts are not
removed by typical or affordable WW treatment processes (Mosse
et al., 2011), presenting a considerable hurdle to its reuse in agriculture. In order to assess the hazard posed by Na+ to soil structure
and HC, the sodium adsorption ratio (Eq. (1)—SAR), a weighted ratio
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of Na+ to other divalent cations in solution, is used as the standard
water quality measurement, where concentrations of cations are
in mEq L-1 (Endo et al., 2002). A similar calculation exists for
the potassium adsorption ratio (Eq. (2)PAR) (Chen et al., 1983).
Equivalent equations for exchangeable ions of the soil surface are
exchangeable sodium percentage (Eq. (3)—ESP) (Endo et al., 2002)
and exchangeable potassium percentage (Eq. (4)—EPP) (Chen et al.,
1983). Guidelines for interpretations of water quality for irrigation
have shown SAR values from 3 to 9 to fall into the slight to moderate risk for reductions in inﬁltration at EC > 0.3–0.5, and are severely
hazardous if EC < 0.3–0.5 dS m−1 (Ayers, 1985).
Na+

SAR =



PAR =



ESP =

1/2(Ca2+ + Mg2+ )
K+
2+

1/2(Ca

2+
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Clay mineralogy has also been shown to have a large inﬂuence
on reductions in HC (Churchman et al., 1993; McNeal and Coleman,
1966). Smectites show extensive swelling and dispersion, due to
their 2:1 layer structure, which accommodates a high amount of
exchangeable Na+ within its interlayer space (Arienzo et al., 2012;
Churchman et al., 1993). Na+ is a large monovalent ion and more
effectively forces clay tactoids (i.e., particles) apart than Ca2+ or
Mg2+ (Quirk, 1986). Swelling occurs with increasing Na+ concentration, as hydration of Na+ leads to the expansion of the interlayer
(ESP > 15). Dispersive conditions are described as mutual repulsion
of tactoids fully surrounded by associated Na+ and waters of hydration (ESP < 15) Essington (2004). Smectitic soils usually disperse
more in weak salt solution at low SAR values than do kaolinitic soils,
as indicated by a more abrupt and larger decrease in HC (Frenkel
et al., 1978; Keren and Singer, 1988). Soils high in kaolinite have
been found to be quite stable, even when exposed to 3.13 mEq L−1
NaCl (McNeal and Coleman, 1966). Intermediate in their behavior are soils that contain primarily 2:1 layer silicates other than
smectites, such as vermiculite or illite (McNeal and Coleman, 1966).
The diversity of the behavior of K+ in soil has also been suggested
as dependent on clay content, soil mineralogy, and possibly K+ ﬁxation (Jayawardane et al., 2011; Shainberg et al., 1980; Sumner,
1993). Solutions enriched in K+ can improve soil HC, possibly
through Na+ displacement (Chen et al., 1983; Levy and Torrento,
1995; Ravina and Low, 1972; Ravina and Markus, 1975). However,
additions of K+ led to reductions in HC in an illite soil and a low
cation exchange capacity (CEC) montmorillonite soil (Chen et al.,
1983; Laurenson et al., 2011). In one study, the effect of exchangeable K+ on permeability was examined in three soils, a loamy sand,
a light clay, and a heavy clay, each containing close to 50% montmorillonite (Chen et al., 1983). Increases in EPP up to 20 did not
destabilize the loamy sand or the heavy clay. In the light clay, which
contained 16% illite, any increase in EPP lead to a decrease in HC,
likely due to illite binding additional K+ (Chen et al., 1983). Similarly, the addition of K+ (3 mEq L−1 ) to irrigation water (<60 mg L−1
soluble salts) signiﬁcantly reduced water inﬁltration in a vermiculitic San Joaquin sandy loam, as compared to an untreated control

(Peacock, 2007). The aforementioned soils, which contained K+ ﬁxing clays like vermiculite and illite, showed greater reductions
in HC associated with high K+ concentrations than in soils without
K+ -ﬁxation.
Little published research exists speciﬁcally on WW reuse for
irrigation of grapevines. In California there are examples of wineries
reusing treated WW for landscaping and frost protection (Hamilton
et al., 2007), and several case studies of wastewater characterization and treatment for reuse have been published, including
research conducted in Australia (Christen et al., 2010; Laurenson
et al., 2012), Spain (Bustamante et al., 2005), South Africa (Mulidzi,
2007), and Mexico (Mendoza-Espinosa et al., 2008). A recent study
compared the effects of solutions, ranging in SAR and PAR from
5 to 40, on a predominantly montmorillonite Australian vineyard
soil (Arienzo et al., 2012). Treatment solutions combining either
Na+ or K+ with Ca2+ , Mg2+ , or Ca2+ –Mg2+ were applied to repacked
soil columns, and the reductions in HC were found to be greater
in magnitude for the Na+ than for the K+ solutions (Arienzo et al.,
2012). The treatment solutions were applied to only one soil type,
and it remains that the effects of reusing K+ -rich WW on the HC
of soils with contrasting mineralogy requires further investigation
(Jayawardane et al., 2011).
As such, we present for the ﬁrst time the effects of Na+ and
K+ -rich solutions on the HC of three vineyard soils of contrasting
mineralogy, dominant in montmorillonite, vermiculite, or kaolinite
from Northern California, treated with aqueous salt concentrations
that reﬂect conditions found in a WW survey of California wineries
(Buelow, 2013). Selected soils represent common soil types supporting vineyard production in Northern California (O’Geen et al.,
2008). Soil column studies were conducted to obtain HC measurements and reductions in HC were then used to compare the effects
of saline solutions on water movement in three contrasting soils.
2. Materials and methods
2.1. Soil sampling and preparation
The three soil types chosen for this study are representative of
Northern California vineyard soils with differing mineralogy. They
included; (1) Bale ﬁne loam from Napa (ﬁne-loamy, mixed, superactive, thermic Cumulic Ultic Haploxeroll), (2) Redding gravelly
loam from Lodi (ﬁne, mixed, active, thermic Abruptic Durixeralf),
and (3) San Joaquin loam from Lodi (ﬁne, mixed, active, thermic
Abruptic Durixeralf) (NRCS, 2011). Bale was the only soil containing montmorillonite, Redding contained predominantly kaolinite,
and vermiculite was unique to San Joaquin (Table 1). The horizon of
illuvial clay and salt accumulation (Bt1 horizon) was selected. This
focused the study on the layer with highest clay content and most
distinct representation of mineralogical characteristics for a given
soil type. The intent was to focus on a soil horizon often impacted
by salts under irrigated conditions; irrigated soils generally possess
lower salinity at the surface and show increasing salinity with
depth (Frenkel et al., 1978; Halliwell et al., 2001). Collected soils
were air dried and sieved to isolate the ≤2 mm fraction.
2.2. Soil characteristics
Characteristics of the three soils: (1) Bale dominated by montmorillonite (Bale-mont), (2) Redding rich in kaolinite (Red-kao),
and (3) San Joaquin dominant in vermiculite (SJ-ver) are provided
in Table 1. Soil particle size distribution was determined on a
mass basis by the pipette method (Burt and Staff, 2014), soil pH
(Thermo Scientiﬁc Orion 4 Star meter; Fisher Scientiﬁc Accumet
Gel-ﬁlled Pencil-Thin Epoxy Body pH Combination ElectrodesMercury-Free 13-620-252) and EC (Thermo Scientiﬁc Orion 4 Star
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Table 1
Soil characteristics for Bt1 horizon (horizon of illuvial clay and salt accumulation) samples used in soil column experiments.
Location

Unit

GPS coordinates
Horizon
pH
CEC
Activity
K+
K-ﬁxation
Na+
Ca2+
Mg2+
ESP
EPP
Sand
Silt
Clay
OM
Mineralogy*

–
–
mEq 100 g−1
–
mEq 100 g−1
mg kg−1
mEq 100 g−1
mEq 100 g−1
mEq 100 g−1
–
–
%
%
%
%
–

Bale-mont

Red-kao

SJ-ver

Napa

Lodi

Lodi

W 122.406957
N 38.471985
Bt1
6.8
26.2
1.3
0.65
−78.27
0.03
17.05
2.15
0.11
2.48
47.7
31.7
19.7
0.9
sM, M, K

W 121.147179
N 38.284831
Bt1
5.0
10.2
0.3
0.71
−170.61
0.02
1.93
0.53
0.20
6.96
35.6
27.3
36.6
0.5
K, M

W 121.31847
N 38.19865
Bt1
6.6
21.2
0.7
0.40
12.32
0.12
9.16
4.18
0.57
1.89
36.1
33.8
28.7
1.4
V, K, M

*
sM—smectite-montmorillonite, M—mica, K—kaolinite, V—vermiculite.
CEC = cation exchange capacity; ESP = exchangeable sodium percent; EPP = exchangeable potassium percent; OM = Organic matter; Bale-mont = montmorillonite rich soil;
Red-kao = kaolinite rich soil; SJ-ver = vermiculite rich soil.

meter; DuraProbeTM 4 013005MD conductivity cell) were measured from saturated paste extracts (Burt and Staff, 2014). The
cation exchange capacity (CEC), base saturation, and ion concentrations were determined by the UC Davis College of Agriculture and
Environmental Sciences Analytical Laboratory following standard
methods (Rible, 1960). Clay mineral activity was calculated by
dividing CEC (mEq 100 g−1 ) by mass percentage of clay (Burt and
Staff, 2014). Soil cation data was used to calculate ESP and EPP
(Table 1). Gravimetric water content was measured using the ovendry method at 105 ◦ C (24 h). K+ -ﬁxation potential was determined
by standard methods and detailed in Murashkina et al. (2007).
Mineralogical composition of the clay fraction was determined via
X-ray diffraction (Murashkina et al., 2007).
2.3. Soil hydraulic conductivity measurements
Changes in HC in response to the application of SAR and PAR
solutions were measured according to standard methods (Keren
and Singer, 1988; Levy and Torrento, 1995; Shainberg et al.,
1987). The prepared soils were packed into Plexiglas columns
(8.3 cm diam. × 5.0 cm) to a target bulk density of approximately
1.35 g cm−3 (n = 3 columns per treatment). Treatment solutions
were composed of NaCl- and KCl–CaCl2 –MgCl2 (for SAR values
of 3, 6, and 9 and PAR values of 1, 2, 4 and 9, respectively).The
ratio of Ca:Mg was maintained at 2:1 (Shainberg, 1990). These
values and ranges were selected to reﬂect realistic scenarios in vineyard systems where WW is applied. They were deﬁned by values
that were calculated from pre- and post-treatment WW samples
from 18 California wineries that were collected monthly over 1.5
years (Buelow, 2013). The SAR or PAR of each leaching solution
was held constant while the total salt concentration was progressively decreased (50, 25, 12, 6, 0 mEq L−1 ). For a given SAR or PAR
value, the salt concentration at which clay disperses spontaneously,
and HC has been reduced by 20%, is deﬁned as the threshold electrolyte concentration, TEconc (Keren and Singer, 1988; Quirk, 2001;
Rengasamy, 2002). Reduction in HC resulting from swelling and
dispersion is often irreversible and occurs below the TEconc (Levy
and Torrento, 1995). This necessitates starting at a high salt concentration and incrementally reducing the salinity of the solution
in HC column experiments.
Each treatment solution was applied to fresh soil columns and
completed in triplicate to minimize variability between columns

(n = 3 columns per treatment). After purging columns with CO2 for
two hours to displace air and prevent the formation of air pockets, the soil was saturated from below via capillary action using
the ﬁrst solution in the series (50 mEq L−1 ). Subsequent to saturation, the column was leached with the saturating solution using a
Marriot bottle as a constant pressure device (Levy and Torrento,
1995). It was experimentally determined that after two pore volumes of solution had passed through the column, physical and
chemical equilibrium had been obtained (data not shown). Thusly,
progressively lower salt concentrations were applied at two pore
volume intervals. The HC of each soil was calculated using the
Darcy equation (Eq. (5)), where q = measured ﬂux (cm s−1 ); K = HC
(cm s−1 ); H = change in pressure head (cm of water); Z = change
in distance (cm). Saturated HC describes how water is transmitted
downward while a soil is saturated and reﬂects conditions in the
soil, such as total porosity, pore size, and tortuosity of pores, as well
as characteristics of the soil water, including viscosity and density
(Quirk and Schoﬁeld, 1955).
q = −K

 H 
Z

(5)

Within each replicate column (n = 3 columns per treatment), HC
values were calculated for each applied electrolyte concentration
(EC)(50, 25, 12, 6, 0 mEq L−1 ). The HC values were then plotted
against the measured EC of the solution. The HC values were scaled
by the initial HC of the column (at 50 mEq L−1 ) to obtain a relative
HC value. This approach allowed for comparison of changes in saturated HC of three soil types at seven different leaching solution
treatments, including SAR 3, 6, and 9 and PAR 1, 2, 4, and 9. The Na+
and K+ treatments chosen for this study were not identical values,
due to the higher afﬁnity of clays for K+ , which increases the effective concentration of K+ in solution. Greater effective concentration
results in a larger increase in EPP at a given PAR than the rise is ESP
for the same SAR (Levy and Torrento, 1995). Therefore, the PAR values selected for this study were lower than the SAR values, except
for SAR 9 and PAR 9.
2.4. Ion ratios and ion chromatography
The leachate of the soil columns (n = 3 columns per treatment)
was collected as fractions ≤30 mL and analyzed for pH and EC using
a Thermo Scientiﬁc Orion 4 Star meter (DuraProbeTM 4-Electrode
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Table 2
Average TEconc (n = 3) for all treatments by soil type, increases indicating reduced
HC. Lowercase letters indicate signiﬁcant differences within each soil type. 0 = No
reduction in HC, even with deionized H2 O = No TEconc.

PAR 1 Bale-mont : Demonstration of Concept for TEconc
1.1

Soil type

1.0

Relative HC (%)

0.9

0.5
100

80

60

40

20

4.3
2.2
4.4
1.9
3.4
0.4
6.1

Red-kao

SAR 3
SAR 6
SAR 9
PAR 1
PAR 2
PAR 4
PAR 9

0.0a
0.0a
0.0a
0.0 a
0.0a
8.8b
7.4b

0.0
0.0
0.0
0.0
0.0
6.1
0.1

SJ-ver

SAR 3
SAR 6
SAR 9
PAR 1
PAR 2
PAR 4
PAR 9

7.2a
9.9a
28.8b
7.5a
9.4a
12.1ab
21.3ab

0

Conductivity Cell 013005MD/Accumet Pencil-Thin Epoxy Body
Combination—13-620-252) (Burt and Staff, 2014). Cation (Na+ , K+ ,
NH4 + , Mg2+ , Na2+ ) and anion (Cl− , SO4 − , Br− , NO3 − , PO4 3− ) concentrations in the column leachate were determined on a Dionex
Ion Chromatograph (ICS-2000). Two technical replicates from each
leachate sample were run according to standard methods (ASTM,
2009; EPA, 2007). Ion data was used to calculate cation retention,
indicating sorption, for each soil column, where delta values were
determined by subtracting initial inﬂuent from ﬁnal leachate ion
concentrations. Ion data was also used to calculate the total salt
concentration (mEq L−1 ) of the leachate.
2.5. Experimental design and statistical analysis of changes in
hydraulic conductivity
The column experiments were run as a completely randomized
design (CRD) (n = 3 columns per treatment). Reductions in HC were
discussed as changes in TEconc and examined by analysis of variance (ANOVA) (JMP 10, SAS Institute License 2013, Cary, NC, USA).
The TEconc is equal to the EC where 20% reduction in relative HC has
occurred (Fig. 1). For treatments where HC increased and a TEconc
was never reached, zero values were assigned for the purpose of
statistical analysis (Table 2). A two-way ANOVA was performed on
the TEconc values, examining main effects of treatment level, soil
type, and their interactions, using P ≤ 0.05 as signiﬁcant values. The
ANOVA showed all factors and interactions to be signiﬁcant. For
this reason the TEconc values were then analyzed in two separate
one-way ANOVAs. A post-hoc analysis of multiple mean comparisons was performed using a Tukey Honestly Signiﬁcant Difference
test (P ≤ 0.05) to examine differences in TEconc between treatments
with soil type as the ﬁxed effect (Table 2), as well as differences
in TEconc between soil types, where treatment is the ﬁxed effect
(Table 3).
3. Results
3.1. Mineralogy
Due to the fact that actual vineyard soils were used for this
study, the soils are of mixed mineralogies and do not represent pure mineral phases. All soils contained some proportion of

mEq L−1

16.0a
13.4a
15.7a
6.0a
7.5a
13.9a
13.5a

Electrolyte Conc. (mEq/L)
Fig. 1. The x-axis represents the soil hydraulic conductivity (HC), scaled by the
columns own initial HC, to give a relative HC (%). The ﬁgure illustrates how the
threshold electrolyte concentration (TEconc ) can be determined as the average EC
where 20% reduction in relative HC has occurred, and can be seen as the intersection
of the vertical dotted line with the horizontal line at 0.8 relative HC.

SD

SAR 3
SAR 6
SAR 9
PAR 1
PAR 2
PAR 4
PAR 9

0.7

Rep.1
Rep.2
Rep.3

Average TEconc
mEq L−1

Bale-mont

0.8

0.6

Treatment

0.5
2.0
15.1
4.6
0.2
5.2
5.0

TEconc = threshold electrolyte concentration; SAR = sodium absorption ratio; PAR
= potassium absorption ratio; SD = standard deviation; Bale-mont = montmorillonite
rich soil; Red-kao = kaolinite rich soil; SJ ver = vermiculite rich soil. SD = standard
deviation.

Table 3
Average TEconc (n = 3) for each soil type by treatment, increases indicating reduced
HC. Lowercase letters indicate signiﬁcant differences at each soil type (across rows).
0 = No reduction in HC, even with deionized H2 O = No TEconc .

SAR 3
SAR 6
SAR 9
PAR 1
PAR 2
PAR 4
PAR 9

Bale-mont

Red-kao

SJ-ver

16.0a
13.4a
15.7ab
6.0ab
7.5a
13.9a
13.5ab

0.0b
0.0b
0.0b
0.0b
0.0b
8.8a
7.4b

7.2c
9.9 a
28.8a
7.5a
9.4a
12.1a
21.3a

TEconc = threshold electrolyte concentration: SAR = sodium absorption ratio;
PAR = potassium absorption ratio; Bale-mont = montmorillonite rich soil;
Red-kao = kaolinite rich soil; SJ-ver = vermiculite rich soil.

kaolinite and mica, but montmorillonite was only found in the
Bale-mont and vermiculite was unique to the SJ-ver. The Bale-mont
contained montmorillonite, mica, and kaolinite (Table 1). It had the
highest activity of the three soils and exhibited no measurable K+ ﬁxation. The Red-kao was conﬁrmed to contain kaolinite and mica,
and it also had no K+ -ﬁxation potential (Table 1). The SJ-ver soil
contained vermiculite as well as kaolinite and mica. It was in the
super-active class and had high K+ -ﬁxation potential (Table 1).
3.2. Changes in soil hydraulic conductivity
Increases in the TEconc can be equated to a decrease in HC. The
Bale-mont maintained a TEconc close to 15 mEq L−1 for all SAR treatments (Fig. 2a). For the Bale-mont, no differences in decreasing
HC was observed between any of the SAR treatments (Fig. 2a),
nor for the PAR treatments (Fig. 3a). However, the PAR columns
maintained a lower average TEconc (6–13.9 mEq L−1 —Table 2) than
the SAR columns, but differences were only marginally signiﬁcant
(P = 0.056). The SAR treatments did not reduce the HC of the Redkao (Fig. 2b), while the higher PAR treatments did (Fig. 3b). The HC

M.C. Buelow et al. / Agricultural Water Management 152 (2015) 277–285

2.5

2.5

a) Bale-mont

a) Bale-mont

SAR 3
SAR 6
SAR 9

2.0

1.5

1.0

PAR 1
PAR 2
PAR 4
PAR 9

2.0

Relative HC (%)

Relative HC (%)
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0.5

1.5

1.0

0.5

0.0

0.0

2.5

2.5

b) Red-kao

b) Red-kao

2.0

1.5

Relative HC (%)

Relative HC (%)

2.0

1.0

0.5

1.5

1.0

0.5
0.0

0.0
2.5

c) SJ-ver

2.5

c) SJ-ver
2.0

1.5

Relative HC (%)

Relative HC (%)

2.0

1.0

0.5

1.5

1.0

0.5
0.0
150

125

100

75

50

25

0

Electrolyte Conc. (mEq/L)
Fig. 2. The x-axis represents the soil hydraulic conductivity (HC), scaled by the
columns own initial HC, to give a relative HC (%). Changes in relative HC of (a) Balemont, (b) Red-kao, and (c) SJ-ver soil with decreasing EC for all SAR treatments.
Average of three column replicates with error bars representing one standard error
of the mean. Where open symbols are used, error bars smaller than the symbol
size appear as marks inside the open symbol. The line indicates 20% reduction
in relative HC and is used to determine the threshold electrolyte concentration
(TEconc .). Relative HC = hydraulic conductivity scaled to initial hydraulic conductivity
of the column; Bale-mont = montmorillonite rich soil; Red-kao = kaolinite rich soil;
SJ-ver = vermiculite rich soil.

0.0
150

125

100

75

50

25

0

Electrolyte Conc. (mEq/L)
Fig. 3. The x-axis represents the soil hydraulic conductivity (HC), scaled by its own
initial HC, to give a relative HC (%). Changes in relative HC of (a) Bale-mont, (b) Redkao, and (c) SJ-ver soil with decreasing EC for all PAR treatments. Average of three
column replicates with error bars representing one standard error of the mean.
Where open symbols are used, error bars smaller than the symbol size appear as
marks inside the open symbol. The line indicates 20% reduction in relative HC and
is used to determine the TEconc . Relative HC = hydraulic conductivity scaled to initial
hydraulic conductivity of the column; Bale-mont = montmorillonite rich soil; Redkao = kaolinite rich soil; SJ-ver = vermiculite rich soil; EC = electrolyte concentration;
TEconc = threshold electrolyte concentration.
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of the Red-kao was not reduced, and thusly a TEconc was not reached
for any SAR treatments, nor at PAR 1 and 2 (Table 2). At PAR 4 and
9 the TEconc increased to 8.8 mEq L−1 and 7.4 mEq L−1 , respectively
(Fig. 3b). In the SJ-ver soil, a decrease in HC was observed with both
increasing SAR and PAR. The decrease in HC was only signiﬁcant at
SAR 9, where the TEconc increased to 28.8 mEq L−1 (Table 2).
In summary, the HC of the Bale-mont was not signiﬁcantly
reduced within the range of tested SAR and PAR values. The HC
of the Red-kao and the SJ-ver soils was reduced with increasing
ratios of monovalent to divalent ions (e.g., increasing SAR and PAR),
except for the Red-kao with SAR treatments. Reductions in HC were
strongly inﬂuenced by soil mineralogy, as demonstrated by the
differences in TEconc between soil types at the same SAR or PAR
treatment (Table 3).
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4. Discussion
Through the controlled variation of solution salinity, SAR, and
PAR, the effects of certain mineral-cation relationships on HC can be
elucidated. The TEconc values obtained for the three different soils
show that the mineralogy of the soil, EC (measure of salinity), and
the ratio of monovalent to divalent cations in solution (e.g., SAR,
PAR) inﬂuence reductions in soil HC.
4.1. Effects of sodium on soil hydraulic conductivity
As described in previous studies, the negative effects of Na+ are
most pronounced in soils which are high in clay, especially high
charge density clays (Frenkel et al., 1978). In the current study, the
soils in higher activity classes (Bale-mont and SJ-ver) were more
susceptible to reductions in HC by higher Na+ solutions, than the
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Changes in ion concentrations relative to the initial leaching
solutions were calculated from the ﬁnal leachate fractions of each
column (n = 3 columns per treatment). These data were used to
infer sorption and leaching of ions on the exchange complex. The
changes in cation concentrations seen in the SAR 9 and PAR 9
leachate are depicted in Figs. 4 and 5, with positive values indicating leaching and negative values indicating sorption. All other
treatments showed similar trends in data, and those treatments are
included in Appendix A.
The Bale-mont and the SJ-ver showed similar retention of Na+
and K+ and leaching of Ca2+ . Both soils sorbed Na+ only at SAR
9, indicating that the Na+ displaced Ca2+ at that treatment. Both
the Bale-mont and the SJ-ver exhibited increased K+ sorption with
increasing PAR (Appendix A). For both soils, Ca2+ leaching increased
with increasing SAR and PAR (Appendix A). However, while the
Bale-mont leached 5-20 mEq L−1 of Mg2+ only at SAR 9 and PAR 9
(Figs. 4a and 5a), the SJ-ver experienced leaching of 5-25 mEq L−1
of Mg2+ at all treatments (Appendix A).
The Red-kao differed from the other two soils in its interaction
with cations in solution. Unlike the other two soils, no changes
in Mg2+ concentrations were seen in any treatment (Appendix A).
Opposite to the Bale-mont and SJ-ver, Ca2+ leaching in the Red-kao
soil decreased with increasing SAR (Appendix A).
All three soils showed increased K+ sorption with increasing
PAR (Appendix A), and the maximum amount of K+ retained in the
columns (up to ∼30 mEq L−1 ) was nearly three times that of the
maximum amount of Na+ retained (Figs. 4 and 5). In general, the
sorption of K+ was preferred over Na+ .
Anion concentrations of the leachate fractions closely matched
anion concentrations in the introduced solution, indicating that little interaction with the negatively charged soil surfaces occurred
and thus are not discussed here.
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Fig. 4. Change in cation concentration of (a) Bale-mont, (b) Red-kao, and (c) SJ-ver
soil at SAR 9. Average of three column replicates with error bars representing one
standard error of the mean. Where open symbols are used, error bars smaller than
the symbol size appear as marks inside the open symbol. Points above the zero
line show leaching and points below it show sorption. Bale-mont = montmorillonite
rich soil; Red-kao = kaolinite rich soil; SJ-ver = vermiculite rich soil; SAR = sodium
adsorption ratio.

less reactive Red-kao soil. The tendency of Na+ ions to facilitate the
formation of multiple (3 or 4) layer hydrates in smectite clays leads
to greater swelling and reduction of HC (Anderson et al., 2010).
The TEconc did not increase for the Bale-mont in any of the SAR
treatments, but it can be concluded that the HC of the Bale-mont
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Fig. 5. Change in cation concentration of (a) Bale-mont, (b) Red-kao, and (c) SJ-ver
soil at PAR 9. Average of three column replicates with error bars representing one
standard error of the mean. Where open symbols are used, error bars smaller than
the symbol size appear as marks inside the open symbol. Points above the zero
line show leaching and points below it show sorption. Bale-mont = montmorillonite
rich soil; Red-kao = kaolinite rich soil; SJ-ver = vermiculite rich soil; PAR = potassium
adsorption ratio.
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soil was reduced by all SAR treatments. This conclusion is based
on the higher TEconc for all SAR treatments (although not significant), compared to the PAR 1 treatment. The Bale-mont soil in
the current study was 19.7% clay and showed continued release
of Ca2+ . Removal of divalent ions from the exchange complex can
contribute to reductions in aggregate stability and decreases in HC
of the SAR treatments (Kopittke et al., 2006). The large increase in
Ca2+ concentration in the leachate of the Bale-mont columns was
accompanied by a removal of Na+ from solution and strongly suggests that Na+ for Ca2+ exchange was occurring at SAR 9 (Fig. 4a).
The preferential afﬁnity of montmorillonite clay for Na+ over Ca2+
is well documented and has been shown to increase with increasing salt concentration of the soil solution and to decrease with
increasing SAR (Endo et al., 2002). A review of Na+ -rich wastewater reuse for irrigation found that swelling dominated at high ESP,
while dispersion dominated at low ESP (Halliwell et al., 2001). In
the larger context of Halliwell’s review, the SAR 3, 6, and 9 treatments included in our study would be described as low ESP. The
abrupt reductions in HC in the Bale-mont and SJ-ver SAR treatments indicate that dispersion is likely the dominant mechanism
reducing HC.
The TEconc of the SJ-ver soil was lower than that of the Balemont at SAR 3, suggesting that the SJ-ver soil was more stable than
the Bale-mont at lower Na+ concentrations (Table 3). However, at
SAR 9 the TEconc of the SJ-ver increased to 28.8 mEq L−1 and did not
differ from the Bale-mont at that treatment, conﬁrming that the
HC of both the SJ-ver and the Bale-mont was affected at the SAR
9 treatment (Table 2). Also, similar to the Bale-mont, in the SAR
9 treatment of SJ-ver soil, divalent cations were lost as Na+ was
sorbed, implicating the dispersive effects of increasing Na+ as the
cause of reduced HC in the SJ-ver soil as well (Fig. 4c).
The lack of reductions in HC of the Red-kao as a result of
increasing Na+ concentrations can be explained by various mechanisms (Fig. 2b). Increases in HC have been attributed to physical
rearrangement of particles in situ and washing out of ﬁner particles (Arienzo et al., 2012; Frenkel et al., 1978). It is possible that
high anion concentrations interacted with positively charged edge
sites in the Red-kao, leading to dispersion, washing out of clay,
and increased HC (Frenkel et al., 1992). Increasing HC may also be
caused by using ﬂow rates that are faster than ﬁeld conditions, leading to physical disruption (D. Suarez, pers. comm. 2011). Kaolinite
soils have been seen to have positive charge at low pH, due to proton acceptance on edge sites (Moshi et al., 1974). Since the Red-kao
soil used in this study had a CEC of 10 mEq L−1 and a pH of 5,
it is reasonable to assume that the kaolinite clay in this soil may
have presented some positive charge and therefore did not bind
the introduced cations. For example, unlike the other two soils, the
relatively low activity of the Red-kao resulted in a minimal interaction with Na+ and no leaching of Ca2+ or Mg2+ in the SAR 9 treatment
solution (see Fig. 4b). These cation data, considered alongside the
lack of reduction in HC (Fig. 2b), indicate that SAR solutions had no
negative effect on the HC of the Red-kao soil.
4.2. Effects of potassium on soil hydraulic conductivity
Similar to the SAR treatments of the Bale-mont and SJ-ver,
abrupt reductions in HC were seen for the PAR treatments, suggesting that dispersion is also the dominant mechanism affecting HC at
the represented concentrations of K+ . However, a stabilizing effect
of K+ with smectite is demonstrated by the Bale-mont soil, where
the average TEconc for PAR treatments was lower (not signiﬁcant)
than for the SAR treatments and no increases in the TEconc occurred
at any PAR treatment. The stabilizing effects of K+ , washing out of
clays, or ﬂow rates above ﬁeld capacity also offer explanations for
the slight increases in HC seen above the TEconc. in both the Balemont and SJ-ver soil (Fig. 5). When adsorbed on the outer surfaces of
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clay aggregates, K+ has the potential to reduce dispersion by compressing the diffuse ion layer (i.e., the Gouy-Chapman model of the
electric double layer), but it could also increase dispersion if present
at high concentrations on the exchange complex (Sposito, 1989).
The hydration energy of K+ is only 72% that of Na+ and consequently,
in high charge density smectites, where there are strong attractive
forces present between clay particles, the low hydration energy of
exchangeable K+ helps to limit dispersion (Anderson et al., 2010;
Levy and Torrento, 1995). The amount of K+ retained in the PAR
columns was on average three times greater than the Na+ retained
in the SAR columns, indicating the overall higher afﬁnity of the
Bale-mont soil for K+ . However, HC did not decrease for any PAR
treatments of the Bale-mont soil, despite the leaching of Ca2+ and
preferential retention of K+ .
Like the Bale-mont, the SJ-ver soil also showed signs of preferential sorption of K+ with increasing PAR, as indicated by the increased
retention of K+ and increased Ca2+ leaching (Appendix A). However,
for all treatments in the SJ-ver soil leaching of Mg2+ was observed
and may have contributed to the equally destabilizing effects of
both Na+ and K+ in this soil type (Figs. 4c and 5c).
The reductions in HC of the Red-kao soil differed from the other
soils in this study. The HC of the Bale-mont and SJ-ver soils experienced similar trends in reduction for SAR and PAR treatments,
while in the Red-kao soil the PAR 4 and 9 treatments clearly differed from all other treatments. In the Red-kao, the HC increased
with increasing SAR (Fig. 1b), possibly due to the ﬂocculating effects
of increasing soil salinity (Levy and Torrento, 1995). The Red-kao
soil was dominated by minerals with 1:1 layer structure, which do
not have an interlayer space and therefore do not exhibit osmotic
swelling. However, HC of the Red-kao decreased in the high PAR
treatments (Fig. 2b). At PAR 4 and 9, the increases in TEconc to 8.8
mEq L−1 and 7.4 mEq L−1 , respectively, were an indication of the
possible negative effects of K+ on soil HC (Table 2). In the Red-kao
PAR 9 columns, where evidence of a Ca2+ for K+ exchange was
observed, the HC of the soil was reduced. In the Red-kao PAR 9
columns, retention of K+ was seen when EC ≥ 65 mEq L−1 (Fig. 5b),
while there was no indication of Na+ sorption for any of the SAR
treatments (Fig. 4b). This discrepancy in cation sorption could be
attributed to the presence of mica in the Red-kao, possibly due to
mica’s high preference for K+ (Sposito, 1989). Increases in soil EPP
above 20 reduced HC in three soils, each containing montmorillonite, kaolinite, and illite, (Chen et al., 1983). The afﬁnity of the
Red-kao for K+ may have led to a greater increase in EPP in the
PAR treatments than the rise in ESP for the comparable SAR treatments, causing dispersive behavior in the Red-kao at PAR 4 and
9 and consequent reductions in HC. In soils high in kaolinite or
illite, K+ behaves more like what is typical for Na+ (Shainberg et al.,
1980). These varied responses may also be inﬂuenced by the ability
of certain clay minerals (e.g. vermiculite) to selectively adsorb K+
(O’Geen et al., 2008; Oster, 1994). Only a few investigations speciﬁc
to kaolinite and K+ interactions have been conducted and further
studies examining the impact of K+ on the HC of kaolinitic soils is
required (Chen et al., 1983; Laurenson et al., 2011).

K+ was more competitive for binding sites in this soil, however,
reductions in HC occurred at both SAR 9 and PAR 9 (to 28.8 and
21.3 mEq L−1 , respectively). In contrast, in the Bale-mont soil HC
was not signiﬁcantly reduced at SAR 9 or PAR 9. This suggests that
soils dominated by vermiculite may be more sensitive to increases
in K+ concentrations than those with high amounts of montmorillonite. The lower layer charge associated with K+ -ﬁxation of the
SJ-ver may have allowed K+ to hydrate fully, which would have
increased swelling and dispersion (Bower and Rhoades, 1972). In
the Bale-mont, higher charge and tighter interlayer spacing could
have minimized the hydrated layer and consequent swelling associated with K+ ions (Anderson et al., 2010). In the Bale-mont soil,
both the observed loss of Ca2+ in the SAR and PAR columns (Figs. 4a
and 5a), and the similar TEconc for all treatments, indicated that the
HC of the Bale-mont was equally effected by the presence of Na+
and K+ within the tested concentration ranges.

4.3. Effects of cation ratios on soil hydraulic conductivity
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The effects of Na+ and K+ on soil HC depend on the concentration of divalent cations (Ca2+ and Mg2+ ) in solution. The SJ-ver soil
was more sensitive to the overall increasing ratio of the monovalent to divalent ions (e.g., increases in SAR and PAR), rather than
which particular ion (Na+ or K+ ) was present. For example, at both
the low SAR and low PAR treatments, slight increasing trends in
HC showed the stabilizing effects of Na+ and K+ salts when the
leaching solution was above the TEconc (Figs. 2c and 3c, respectively). For the SJ-ver soil, more K+ was removed from the leachate
of the PAR columns than Na+ from the SAR columns, indicating that

5. Conclusion
Parts of the United States, including Northern California, are currently experiencing drought conditions that could have profound
reverberations on the economy and devastating environmental
impacts. The reuse of WW for irrigation is one practical approach to
mitigating the impacts of the current drought in agricultural industries, including wine production. From the results of the current
study, it can be concluded that WW is a viable alternative water
source for irrigation of landscaping and crops. The dominant soil
mineralogy and the presence of Na+ and K+ in inﬂuent solution
were critical factors inﬂuencing HC of the tested soils. The soils
with higher charge density and expandable phyllosilicate interlayers (Bale-mont and SJ-ver) were more susceptible to reductions in
HC when treated with Na+ solutions. When considering the reuse of
WW on soils dominant in montmorillonite clay, the use of K+ -based,
as opposed to Na+ -based cleaners is recommended. PAR solutions
≤2 had no negative effects on HC in any of the soils included in this
study. Solutions with PAR ≥4 did negatively impact water movement in soils with a high afﬁnity for K+ . The SJ-ver soil contained
vermiculite and mica (minerals with high K+ -ﬁxation potential),
and mica was also present in the Red-kao soil, suggesting that the
interlayer binding of K+ leads to greater reductions in HC. However,
WW with SAR and PAR values ≤9 do not present a major threat to
soil HC if the total salinity of the solution ≥25 mEq L−1 , and any
accumulation of Na+ or K+ in the soil proﬁle are easily managed
with additions of Ca2+ in the form of gypsum (Weber et al., 2014).
Further research on the impact of mineral-ion interactions on HC in
additional soils and pure mineral systems is necessary in order to
better understand high risk scenarios that may arise when irrigating with K+ -rich WW. Reuse of WW must be carefully considered
and full analysis of soil and WW is recommended prior to land
applications for landscaping or crop irrigation.
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Appendix A: Δ Cation Conc. Graphs for SAR 3 and
Changes in cation concentrations in soil column leachate for all SAR and PAR treatments.
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Figure A1. Change in cation concentration in Bale-mont leachate at SAR 3. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A2. Change in cation concentration in Bale-mont leachate at SAR 6. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A3. Change in cation concentration in Bale-mont leachate at SAR 9. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A4. Change in cation concentration in Bale-mont leachate at PAR 1. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.

120

Bale-mont PAR 2

Na
K
Mg
Ca

Change in Cation Conc. (mEq/L)

100
80
60
40
20
0
-20
-40
160

140

120

100

80

60

40

20

0

Electrolyte Conc. (mEq/L)
Figure A5. Change in cation concentration in Bale-mont leachate at PAR 2. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A6. Change in cation concentration in Bale-mont leachate at PAR 4. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A7. Change in cation concentration in Bale-mont leachate at PAR 9. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A8. Change in cation concentration in Red-kao leachate at SAR 3. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A9. Change in cation concentration in Red-kao leachate at SAR 6. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A10. Change in cation concentration in Red-kao leachate at SAR 9. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A11. Change in cation concentration in Red-kao leachate at PAR 1. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A12. Change in cation concentration in Red-kao leachate at PAR 2. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A13. Change in cation concentration in Red-kao leachate at PAR 4. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A14. Change in cation concentration in Red-kao leachate at PAR 9. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A15. Change in cation concentration in SJ-ver leachate at SAR 3. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A16. Change in cation concentration in SJ-ver leachate at SAR 6. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A17. Change in cation concentration in SJ-ver leachate at SAR 9. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A18. Change in cation concentration in SJ-ver leachate at PAR 1. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A19. Change in cation concentration in SJ-ver leachate at PAR 2. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A20. Change in cation concentration in SJ-ver leachate at PAR 4. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.
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Figure A21. Change in cation concentration in SJ-ver leachate at PAR 9. Average of three
column replicates with error bars representing one standard error of the mean. Points above the
zero line indicate leaching and points below sorption.

